Resonantly enhanced emission from the zero phonon line of a diamond nitrogen-vacancy (NV) center in single crystal diamond is demonstrated experimentally using a hybrid whispering gallery mode nanocavity. A 900 nm diameter ring nanocavity formed from gallium phosphide, whose sidewalls extend into a diamond substrate, is tuned onto resonance at low-temperature with the zero phonon line of a negatively charged NV center implanted near the diamond surface. When the nanocavity is on resonance, the zero phonon line intensity is enhanced by approximately an order of magnitude, and the spontaneous emission lifetime of the NV is reduced as much as 18%, corresponding to a 6.3X enhancement of emission in the zero photon line.
The diamond nitrogen-vacancy (NV) center is an optically active impurity which combines many of the desirable properties of quantum dots and laser trapped atoms. Optical transitions of diamond NV centers can display low inhomogeneous broadening, and have been used to generate single photons [1] , manipulate single electron spins [2] , and control nearby nuclear spin impurities [3] [4] [5] . Remarkably, room temperature electron spin coherence times of NVs can exceed a millisecond [6] . These properties make NVs a promising qubit for proposed quantum networks [7] , and an attractive system for applications such as magnetometry [8] and low power optical switching [9] . An outstanding challenge to using NV centers as qubits in quantum information processing applications is creating a platform which mediates interactions between them. A promising approach to this problem is to create an on-chip quantum network, in which NVs interact optically via nanophotonic interconnects [10] . Coupling NVs to optical cavities plays a crucial role in this implementation, by enhancing the NV emission into a well defined optical mode, which can be efficiently coupled to waveguides and routed on-chip. Cavity enhancement of emission is particularly important for NV centers, as it provides a means for increasing the relative brightness of narrowband zero phonon line (ZPL) emission relative to broadband phonon assisted emission. Selection of emission into the ZPL is necessary for protocols involving coherent interactions or indistinguishable photons.
Recent efforts to efficiently couple NVs in nanocrystalline diamond to nanophotonic structures [11] [12] [13] [14] have been limited by poor NV optical properties in nanocrystals compared to those found in single crystal diamond. Progress towards fabricating nanophotonic devices directly from single crystal diamond has recently made important progress [15] , limited primarily by fabrication difficulties related to creating thin films of single crystal diamond necessary for optical confinement in three dimensions. An alternative approach, which leverages existing semiconductor processing technology, is to create photonic structures from hybrid material systems in which a thin waveguiding layer is bonded to the surface of a single crystal diamond substrate. Light localized within waveguides and microcavities lithographically defined in the waveguiding layer can interact evanescently with NVs positioned near the surface of the diamond substrate, making this a natural system for coupling to arrays of NV implanted near surfaces, such as those studied in Ref. [16] . The hybrid approach can take advantage of proper- ties of the waveguiding material which are not available in all-diamond systems, for example nonlinear or optoelectronic response useful for integrated optical modulation [17] . Hybrid semiconductor-diamond devices were used in Refs. [18, 19] to demonstrate evanescent coupling between ensembles of NVs and micron-scale photonic waveguides and cavities. Here, we demonstrate optical coupling between a nanoscale hybrid optical cavity and a single diamond NV center, and measure resonant Purcell enhanced spontaneous emission into the ZPL.
The nanocavities studied here were realized from a hybrid geometry consisting of a gallium phosphide (GaP, 250 nm thickness, n GaP ∼ 3.3) whispering gallery mode nanocavity supported by a single crystal diamond substrate. A typical device is shown in Fig. 1(a) . They were fabricated following the process in Ref. [18] . The diamond substrate consists of a CVD grown electronic grade single crystal diamond sample (Element Six) subjected to ion implantation (N + 10keV, 1×10 10 cm −2 ) and annealing (900 o C in H 2 /Ar) to create NVs close to the diamond surface. A subsequent oxygen anneal step maximized the NV − /NV 0 ratio near the surface [20] . The nanocavity diameter, d ∼ 900 nm, is 5X smaller than in previous work [18] . To enhance optical confinement, the GaP sidewalls were extended ∼ 600 nm into the diamond using an oxygen plasma etch, decreasing the effective refractive index of the underlying nanocavity substrate.
This structure supports whispering gallery modes whose field is primarily confined inside the GaP and interacts evanescently with NVs near the diamond surface. Figures 1(b) and (c) show the simulated field profile of the whispering gallery mode supported by this structure with azimuthal mode index m = 9, fundamental radial order (p = 0), and TE-like polarization (dominant electric field component radially polarized) . The field profile was calculated using a finite difference time domain simulation (FDTD) [21] , and has a resonance wavelength close to λ ZPL ∼ 637 nm of the NV − ZPL, mode volume V ∼ 3.0(λ/n GaP ) 3 , defined by the peak electric field energy density, and a maximum intensity in the diamond of η dia ∼ 0.11 of the peak intensity in the GaP. The theoretical radiation limited quality factor, Q rad , for these Time (ns) structures exceeds 10 6 ; in practice fabrications imperfections and material absorption will limit Q below Q rad [18] .
The fraction of spontaneous emission radiated from an evanescently coupled NV into the nanocavity mode described above can be predicted by calculating the Purcell enhancement to the zero phonon emission at 637 nm. In bulk, an NV − radiates a fraction ζ ZPL ∼ 3% of its emission into the ZPL, estimated from our measurements of area under the ZPL in the spontaneous emission spectrum from an ensemble of NVs. In the presence of a resonant nanocavity, emission into the ZPL is enhanced by a factor F ZPL due to the Purcell effect [22, 23] :
where E(r NV ) is the electric field strength at the NV, E o is the peak nanocavity field strength, µ is a unit vector describing the NV dipole orientation, n o is the refractive index at the peak field location, and n d is the refractive index of diamond. The total cavity enhanced NV − spontaneous emission rate is then given by
where γ o is the bulk NV − spontaneous emission rate. Equation 2 assumes that the NV-cavity system is in the "bad cavity" limit, and neglects the modification of off resonance NV emission by the nanocavity.
The nanocavity optical properties were studied by exciting the device with a 532 nm source and measuring the resulting photoluminescence (PL). A scanning confocal microscope (0.6 NA objective) was used to excite and collect PL from a sub-micron diameter spot on the nanocavity. Collected light was directed to a spectrometer or a time resolved photon counting module. For the implantation dose used here, the NV density is such that a small number (∼ 1 -10) of NVs were typically excited by the excitation spot. All of the measurements were performed with the sample mounted in a liquid helium flow cryostat and cooled to 6K. Figure 2(a) shows a broad wavelength, low resolution (0.14 nm), spectrum of the nanocavity studied here when it was excited with a CW 532 nm source (∼ 1 mW). Emission from the 637 nm ZPL of negatively charged NVs is clearly visible. Peaks in the emission corresponding to PL coupled to nanocavity modes are also evident, including a TE mode bluedetuned 3 nm from the NV − ZPL. The modal polarization labels indicated in Fig. 2(a) were determined by comparing the resonance spacing with FDTD predicted values, as in Ref. [18] , and by comparing their relative tuning rates in the measurements described below.
Figure 2(b) shows a high resolution (∼ 0.02 nm) spectrum of PL from the nanocavity mode closest to the NV − ZPL. This reveals that the nanocavity mode has a doublet structure consisting of two peaks at wavelengths λ ± = λ o ± ∆λ/2 with full-width at half-max δ ∼ 94 pm (Q ± ∼ 6800). ∆λ = 0.27 nm is the doublet splitting, and δ was determined by fitting the data with two incoherently superimposed Lorentzian lineshapes, as shown in Fig. 2(b) . The doublet structure results from nanocavity surface roughness and imperfections which couple the nominally degenerate clockwise and counterclockwise circulating whispering gallery modes, creating non-degenerate standing wave modes [24] .
As described by Eq. 1, when a nanocavity mode is resonant with the NV ZPL, the NV spontaneous emission rate can be enhanced through the Purcell effect. We demonstrate this here by tuning the nanocavity in Fig.  2 (a) through resonance with the NV − ZPL, and showing that the nanocavity significantly enhances the ZPL intensity of coupled NVs. The nanocavity resonances are tuned by injecting Xe gas into the cryostat [25] , where it condenses on the nanocavity surface and red-shifts the wavelengths of the nanocavity modes. In Fig. 2(c) , the PL spectra in the vicinity of the NV − ZPL are shown at discrete steps in the tuning process as the nanocavity mode closest to the NV − ZPL is tuned from 636 nm to 637.5 nm. The nanocavity doublet resonance shifts diagonally across Fig. 2(c) as the number of Xe tuning cycles increases. ZPL emission between 636.8 nm-637.4 nm from several distinct NVs is visible, creating horizontal features whose center wavelength is unaffected by the Xe tuning. The inhomogeneous distribution of ZPL wavelengths is possibly the result of residual strain from the implantation step, or the diamond etching. When the nanocavity modes cross the ZPL lines, in some cases the ZPL PL intensity increases. In particular, a large enhancement is visible when the λ − nanocavity mode is resonant with a ZPL at 637.0 nm (labeled NV1). A comparatively modest enhancement is observed when λ − is resonant with a ZPL at 637.25 nm (labeled NV2). The relative magnitude of enhancement is shown in Fig. 2(d) , which compares the PL spectrum when the nanocavity mode is on resonance with the NV1 ZPL (slice A in Fig.  2(c) ), on resonance with the NV2 ZPL (slice B in Fig.  2(c) ) and when it is detuned (slice C in Fig. 2(c) ).
In general, the magnitude of the enhancement depends on the NV position and dipole orientation relative to the nanocavity field maximum, as indicated in Eq. 1. The nanocavity standing wave whispering gallery modes have well defined electric field amplitude nodes and anti-nodes, whose specific phase is determined by the nanocavity imperfections [24] . For maximum NV-cavity coupling, the NV must be located at an anti-node of one of the two standing wave modes, which is necessarily a node of the orthogonal standing wave mode. This nanoscale sensitivity of the coupling strength on NV position is illustrated in Fig. 2(c) by the asymmetry in the enhancement of the NV1 ZPL enhancement when the nanocavity mode doublet peaks are on resonance. The λ − mode strongly enhances the NV1 ZPL PL intensity; the λ + mode does not significantly affect the NV1 ZPL. This indicates that NV1 is positioned near an anti-node of the λ − nanocavity mode.
To quantitatively determine the degree of enhancement, we measure the effect of the nanocavity mode on the spontaneous emission lifetimes of NV1 and NV2. Figure 3(a) shows time resolved PL when the device is excited with a pulsed green source (4.75MHz repetition rate, 520 nm center wavelength, 28 nm bandwidth, 300 µW average power), with the nanocavity λ − mode is tuned on and off of resonance with NV1. To ensure that the spontaneous emission properties of only the NV of interest were being measured, the PL was spectrally filtered using a monochromator centered at the wavelength of the NV1 ZPL (637.0 nm). This emission was then directed to a time-correlated single photon counting module which records the photon detection time relative to the excitation pulse. Figures 3(b) and (c) show the spectra obtained for the on and off resonance measurements of NV1 under CW and pulsed excitation, respectively. In both cases an enhancement to the NV1 ZPL intensity is observed when the nanocavity is on resonance. Non-NV related emission from the nanocavity modes is strong in the pulsed excitation spectra (Fig. 3(c) ), due to emission related to the nanocavity material or fabrication residue. This emission decays quickly (∼ 3 ns) compared to the NV emission, as shown by the inset to Fig. 3(a) . Figure 3 (c) also reveals that the nanocavity Q and doublet splitting was modified compared to the measurements in Fig. 2 . During the lifetime measurements, Q ∼ 3000 and ∆λ ∼ 0.22 nm, as determined from the fit in Fig. 3(c) . This degradation in Q, compared to the value observed during the measurements in Fig. 2 , may be related to repeated condensation and evaporation of Xe or other cyrostat contaminants over the course of several measurement cycles for this device. Local modification of the GaP properties by the green excitation laser, as reported in Ref. [14] , may also affect the device characteristics.
The NV1 spontaneous emission rate can be determined by fitting the data in Fig. 3(a) with simple exponential decay functions. These fits indicate that the NV1 spontaneous emission lifetime is τ c = 9.7 ± 0.07 ns and τ o = 11.6 ± 0.3 ns when the nanocavity mode is on and off resonance, respectively, with the NV1 ZPL. This indicates that the nanocavity enhancement of the ZPL emission appreciably modifies the total spontaneous emission rate of the NV. From γ o,c = 1/τ o,c , and the lifetime fits extracted from Fig. 3 , we estimate F ZPL ∼ 6.3±1.0. This corresponds to enhancing the fraction of NV1 emission into the ZPL from ζ ZPL ∼ 3% to ∼ 16%.
The effect of the nanocavity on the NV2 ZPL is illustrated in Fig. 3(d-f) , which shows lifetime and spectral data when the nanocavity λ − mode is tuned on and off resonance. These measurements were performed in the same manner as the NV1 measurements, but with the monochromator centered at the NV2 ZPL (637.2nm). Note that during these measurements, the excitation spot alignment was optimized to maximize the NV2 ZPL emission, resulting in larger on and off resonance contrast in Fig. 3 (e) compared to Fig. 2(c) . Fits to the data in Fig.  3(d) indicate that the NV2 spontaneous emission lifetime is τ c = 9.84 ± 0.08 ns and τ o = 11.0 ± 0.2 ns when the nanocavity mode in on and off resonance, respectively, with the NV2 ZPL. This indicates that F ZPL ∼ 3.8 ± 0.7 for NV2.
From Eq. 1, the FDTD predicted mode volume and field distribution presented above, and Q ∼ 3000 measured during the lifetime measurement, the maximum expected F ZPL can be calculated. For an NV optimally positioned relative to the nanocavity studied here, the ZPL emission would be enhanced by F 0nm ZPL = 12 and F 20nm ZPL = 6.7, assuming the NV is positioned at the surface, and 20nm below the surface (the maximum expected implantation depth), respectively. F ZPL becomes smaller with the NV distance to the surface due to the evanescent decay of the nanocavity mode electric field intensity, which scales roughly as exp(−2κ z z), where κ z = (2π/λ) n 2 GaP − n 2 dia . F ZPL is also reduced when the NV is not positioned at an anti-node of the standingwave mode, and if the NV dipole is misaligned relative to the field polarization. As discussed above, the relative degree of ZPL enhancement when it is resonant with the λ − and λ + modes in Fig. 2(a) suggests that NV1 is closely positioned near a node of the λ + standing wave, and an anti-node of the λ − standing wave.
In future work, F ZPL can be increased using higher Q nanocavities, and by further reducing V . Additional studies are required to determine the mechanism limiting the Q of the devices studied here, as well as the degradation in Q observed over the course of the measurements. Surface roughness and other defects are visible in the SEM image in Fig. 1(a) , and the large mode splitting ∆λ indicates that surface scattering is present in these devices and likely plays an important role in limiting Q. By eliminating this roughness, it should be possible to achieve Q in excess of 2 × 10 4 , as was demonstrated in larger diameter hybrid GaP-diamond devices [18] . Achieving this Q with the specific coupled NV-nanocavity device studied here would increase F ZPL to ∼ 42, corresponding to enhancing the ZPL branching ratio to ζ ZPL ∼ 57%.
Shrinking V is immediately possible by coupling an NV to the TM mode (m = 10, p = 0) of the nanocavity studied here. The TM mode has a smaller mode volume, V ∼ 2.6(λ/n GaP ) 3 , than the TE mode, and a larger relative intensity at the diamond surface, η dia ∼ 0.15 , resulting in an approximately 52% increase in F 0nm ZPL compared to the TE mode for a given Q and an optimally positioned NV. Further reduction in V is possible by decreasing the nanocavity diameter to d = 650 nm; the resulting device supports a TM mode with V ∼ 1.7(λ/n GaP ) 3 and η dia ∼ 0.39 , and radiation Q rad ∼ 4 × 10 4 . Ultrasmall V is possible using a hybrid GaP-diamond photonic crystal nanocavity proposed in Ref. [26] , which supports TE modes with V ∼ 0.5(λ/n GaP ) 3 while maintaining a radiation limited Q rad > 10 6 . These photonic crystal nanocavities are naturally suited to being interconnected, and are a promising system for implementing an on-chip quantum network to enable interactions between NVs.
In the immediate future, ZPL photon detection rates exceeding those achievable using a microscope objective to collect NV emission can be achieved by combining the Purcell enhancement from the ring nanocavites demonstrated here, and the fiber taper waveguide PL collection studied in Ref. [27] . This would be an important resource for quantum information resources such as NVphoton entanglement [28] which rely on narrowband measurement of ZPL emission. More generally, a fiber coupled nanocavity-NV system could be used as a bright narrowband source of indistinguishable photons, and to improve readout rates of the NV spin properties.
This 
